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ABSTRACT 


Inorganic  phosphorus  forms  in  eighteen  profiles  of 
Alberta  soils,  three  each  of  Maleb,  Beaverhills,  Breton, 
Boundary,  and  Heart  plus  one  each  of  Rimbey,  Winterburn,  and 
Glory  (high  in  available  phosphorus) ,  were  fractionated  by  the 
modified  Chang  and  Jackson  procedure.  The  forms  determined 
were  calcium-bound  (Ca-P) ,  aluminum-bound  (Al-P) ,  iron-bound 
(Fe-P) ,  and  occluded  (Occl-P)  phosphorus. 

Ca-P  varied  from  1  to  442  ppm  and  it  was  the  dominant 
form  in  Maleb,  Beaverhills,  and  the  C  horizons  of  Glory  and 
Breton  Series.  With  the  exception  of  Boundary,  Ca-P  decreased 
with  depth  in  all  the  soils.  Al-P  ranged  from  2  to  398  ppm. 
There  was  a  tendency  for  Al-P  to  decrease  with  depth  in  all  the 
series  except  Heart,  where  it  accumulated  in  the  Bf  horizon. 
Fe-P  varied  from  5  to  260  ppm  and  it  decreased  with  depth  in 
all  the  series  except  Boundary  and  Heart.  The  series  high  in 
available  phosphorus  had  high  amounts  of  Al-P  and  Fe-P  in  their 
surface  horizons.  Occl-P  varied  from  1  to  174  ppm.  Occl-P 
decreased  with  depth  in  the  Chernozemic  soils  and  with  the 
exception  of  the  Heart  Ae  horizon,  other  Podzolic  soils  were 
comparatively  high  in  this  form. 

There  was  no  apparent  relationship  between  the  distri¬ 
bution  of  soil  separates  and  inorganic  phosphorus  forms. 

Al-P  and  Fe-P  were  the  predominant  forms  in  acid  soils,  while 
alkaline  soils  were  high  in  Ca-P.  Parent  material  and 
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climate  seemed  to  have  an  effect  on  the  distribution  of 
inorganic  phosphorus  forms. 

Residual  plus  organic  phosphorus  (total  phosphorus 
minus  total  inorganic  phosphorus  forms)  varied  from  5  to 
610  ppm  and  it  constituted  4  to  75%  of  the  total  phosphorus. 
It  is  thought  that  most  of  the  phosphorus  in  this  form  is 
in  organic  combination.  Total  phosphorus  ranged  from  18-930 
ppm.  Correlations  between  available  phosphorus  (Miller  and 
Axley,  and  Olsen  methods)  and  Ca-P,  Al-P,  and  Fe-P  suggested 
that  Al-P  and  Fe-P  may  be  the  major  sources  of  available 
phosphorus  in  the  soils  studied. 


.  anrxoi  airxorfqeoriq  oxnispionx 

'Loriqaorfq  i  );  )  >i  rc  iq  c  oinepio  sulq  leubiaefl' 
oi  2  moil  59ii6v  (eimoi  euiorfgaoriq  oxnapioni  a unim 


zi  >mol  si:rfi  nx  auiorlq  s oj  q  io  Jeom  ^ripuorfi  a  1  il 

. 


le  . ;t s d  ::ii  outs . j 1 1  . .  g q 


0*  ‘  jppua  <I~9,3  5ns  ,  T-IA  bne  (sbori^9m  nealO  bns  ,v  Ixi' 


.b9xbu^a  alioe  9rli  nx  auioxiq  orlq 


■ 


ACKNOWLEDGEMENTS 


Deep  gratitude  is  extended  to  Dr.  J.  A.  Robertson, 
Associate  Professor  of  Soil  Science,  under  whose  direction 
and  supervision  this  work  was  done,  for  constructive  criticisms 
in  the  preparation  and  help  in  reviewing  the  manuscript.  Sin¬ 
cere  appreciation  is  expressed  by  the  author  to: 

Dr.  S.  Pawluk,  Associate  Professor  of  Soil  Science,  for 
help  in  sampling  and  valuable  suggestions; 

Dr.  J.  A.  Toogood,  Professor  and  Head,  Department  of 
Soil  Science  and  Dr.  J.  A.  Plambeck,  Associate  Professor 
of  Chemistry,  for  serving  on  the  Committee; 

Messrs.  A.  A.  Kjearsgaard  and  S.  W.  Reeder,  of  the 
Alberta  Soil  Survey,  for  assistance  in  sampling; 

Messrs.  J.  Gawalko,  P.  Yee,  staff  of  the  Department  of 
Soil  Science,  Alberta  Soil  Survey,  and  Agricultural 
Soil  and  Feed  Testing  Laboratory,  for  cooperation  in 
carrying  out  some  of  the  analyses; 

National  Research  Council  of  Canada,  for  financial 
assistance ; 

Mrs.  Lea  Watson,  for  typing  the  manuscript;  and 
his  parents  for  their  sacrifice  and  encouragement. 


.  ■  '  '  V  v  0/  • 


, noedx9dofl  .A  . L  .id  od  b9bn9dX9  ai  abudidBip  qoed 


9V  hdou^d  '.noo  xod  ,  anob  sbw  j(iow  ejtrid  noiaivii  qua  bne 


.  dqxxo  iucibk  9rfd  pniw9XV9i  ni  ql9rf  briB  noxd6i6q9iq  arid  ni 


:od  ’xorfdUB  arid  yd  b 9saoicx9  ax  noxdsxosiiqqB  9X90 


i od  ,9on9io2  Ixo8  do  loaesdoiq  9dBiooeaA  , riuIwBS  .2  .iQ 


-  tOI  '  v  I  , .  OC  >1  .  A  .  .  ,  3 


\9.oddinimo0  ©rid  no  pnxvisa  xod  ,  y^5*1119^  do 


9rid  do  , xsboafl  .W  .2  bna  biBBpaxBat51  «A  *A  •  aiBaaM 

ni  •  9i.  daxi-  ;  >  i o  ,  Y'r  t  .  xo2  Bd  ted 1  \ 


do  drtemdi&qoQ  arid  Jo  ddfide  ,  99Y  .<3  ,  orilsv/BO  .L  .  s^taaaM 

idlA  ,  £ 


nx  noxdBX9qooo  10J  ^^odB'iodsd  pnxd89T  bag'?  bus  Ixo2 

;  9.3’  >t  do  9moa  duo  pnxydxj  o 


Isionsn.:  J  ioJ  ,  ,sn  )  c  IxoauoO  rioiB9B9fI  IfinoxdsW 


bns  ;dqxxo8L  xi  m  arid  pi:xg\d  ic:’  ,no<’dBW  boJ  .  axM 


dn9fn9pBxuoons  bns  soxdxxoca  ixarid  10J  adn9ifiq  exri 


XLFOOriS  DfiB  90X1X1068  0IX9fld  1 


TABLE  OF  CONTENTS 


Page 

I.  INTRODUCTION  i 

II.  REVIEW  OF  LITERATURE  ---------------  2 

A.  Phosphorus  Studies  on  Alberta  Soils  -----  2 

B.  Fractionation  of  Soil  Phosphorus  -------  3 

C.  Modification  of  the  Chang  and  Jackson  Procedure  8 

D.  Nature  and  Distribution  of  Inorganic  Phosphorus 

in  Soils  -------------------  11 

E.  Application  of  Fractionation  Studies  -----  13 

III.  MATERIALS  AND  METHODS  --------------  16 

A.  Soils  16 

B.  Physical  Analysis  --------------  16 

C.  Chemical  Analyses  --------------  16 

D.  Statistical  Analyses  -  --  --  --  --  --  --  2  0 

IV.  RESULTS  AND  DISCUSSION  --------------  21 

A.  Distribution  of  Inorganic  Phosphorus  Forms  in 

the  Soil  Series  ---------------  21 

B.  Relationship  between  Physical  and  Chemical 

Properties  and  the  Distribution  of  Inorganic 
Phosphorus  Forms  ---------------  28 

C.  Effect  of  Parent  Material  and  Climate  on  the 

Distribution  of  Inorganic  Phosphorus  Forms  -  -  29 

D.  Residual  plus  Organic  Phosphorus  in  the 

Soil  Series  -----------------  38 

E.  Total  Phosphorus  in  the  Soil  Series  -----  38 

F.  Available  Phosphorus  in  the  Soil  Series  -  -  -  39 

V.  SUMMARY  AND  CONCLUSIONS  -------------  44 

VI.  BIBLIOGRAPHY  -------------------  47 

VII.  APPENDICES  --------------------  i 


------  HOITOUdOflTWI 

- - 3HUTAH3TIJ  30  W3IV33 

a!xo2  Bd:i9dIA  no  aaj.  bud3  einorfqaori*!  .A 

i  noatfosL  br .->  n;.riO  d  do  nojtdso:  Ixboi  .D 

jxrxoriqaoriS  oxnspdonl  do  noxii/dxxdexG  bns  siudsK 

- 

N 

-  -  -  -  -  -  -  -  -  -  --  -  s-»5  I  ,nA  lBOxm9ii3 

.a 

.VI 

.A 

‘ 


annto3  amoriqaoril  oinsp^onl  do  noxdudx:idaxa 
arid  nx  ai/ioriqeori3  oj  n&pxO  aulq  Isubiaafl  .a 

as :  : _ 3  Ixo2  arid  ni  airxoriqBori?  It  doT  .3 
39xia2  Ixo2  arid  nx  in  odqiort?  sldBliBvA 


8K0IR JJOvfOO  QMA,  V3AMMU2 


tTH  '  A3  00 1  JSI8 


.V 


LIST  OF  TABLES 


Table  Page 

1  Classification,  parent  material,  horizons, 
dominant  texture,  and  number  of  profiles 

of  the.  soil  series  --------------  17 

2  Forms  of  inorganic  phosphorus  and  the 

extractants  -----------------  18 

3  Average  concentration  (ppm)  of  the  phosphorus 

forms  in  the  Chernozemic  soil  series  -----  22 

4  Average  concentration  (ppm)  of  phosphorus 

forms  in  the  Podzolic  soil  series  ------  23 

5  Average  distribution  of  inorganic  phosphorus 

forms  in  the  Chernozemic  soil  series  -----  24 

6  Average  distribution  of  inorganic  phosphorus 

forms  in  the  Podzolic  soil  series  ------  25 

7  Average  chemical  properties  of  the  Chernozemic 

soil  series  -----------------  30 

8  Average  chemical  properties  of  the  Podzolic 

soil  series  -----------------  31 

9  Average  distribution  of  phosphorus  forms  in 
the  C  horizons  of  soil  series  formed  on  various 
parent  materials 


33 


a  'J  bfiB  -:uj.c  i<  3.  U.  ■  ■ !  Ktoni  o  v  i 


eeiisa  li oe  oiloKooS  9d^  ni  enrxo^ 


-  -  -  -  -  29HS8  Iioa  oim<  soiriain  Bftt  ni  euiiol 


oinepicm  io  noiJudizlaib  sp6i9VA 
agisr) a  lios  silosboS  arii  nx  triol 

oimasonisD  9rf:t  io  39ii:f9qo„q  Jjboim9rfD  9p6*9Vfc 


c  losro^  .  5o  33  j  -  '  :  ,oiq  3P6  e  >A 


ni  eimoi  etn  inqaoi  q  io  noxzfuc  iriaib  9pB^evA 

. 


LIST  OF  FIGURES 

Figure  Page 

1  Percentage  distribution  of  phosphorus  forms 

in  the  Maleb  and  Beaverhills  series  ------  34 

2  Percentage  distribution  of  phosphorus  forms 

in  the  Rimbey  and  Winterburn  series  ------  35 

3  Percentage  distribution  of  phosphorus  forms 

in  the  Glory  and  Breton  series  ---------  36 

4  Percentage  distribution  of  phosphorus  forms 

in  the  Boundary  and  Heart  Series  --------  37 

5  Relationship  between  available  phosphorus  and 

Al-P  ----------------------  40 

6  Relationship  between  available  phosphorus  and 

Fe-p  ----------------------  41 

7  Relationship  between  available  phosphorus  and 

Ca-P  ----------------------  42 


- 


LIST  OF  APPENDICES 


Item  Page 

A-l  Modified  Chang  and  Jackson  procedure  for 

fractionation  of  inorganic  soil  phosphorus  -  -  -  -  i 

A- 2  Determination  of  total  soil  phosphorus  ------  v 

A-3  Ascorbic  acid-reduced  molybdophosphoric  blue 

color  method,  in  system  ----------  vi 


B 

Particle  size  analysis 

-  -  vii 

i — i 
i 

u 

Concentration  (ppm) 
the  Maleb  series  -  ■ 

of 

phosphorus 

forms 

in 

-  -  ix 

C-2 

Concentration  (ppm)  of 
the  Beaverhills  series 

phosphorus 

forms 

in 

C-3 

Concentration  (ppm) 
the  Breton  series 

of 

phosphorus 

forms 

in 

-  -  xi 

C-4 

Concentration  (ppm) 
the  Boundary  series 

of 

phosphorus 

forms 

in 

-  -  xii 

C-5 

Concentration  (ppm) 
the  Heart  series  -  - 

of 

phosphorus 

forms 

in 

D-l  Chemical  properties  of  the  Maleb  series  -----  xiv 

D-2  Chemical  properties  of  the  Beaverhills  series  -  -  xv 

D-3  Chemical  properties  of  the  Breton  series  -----  xvi 

D-4  Chemical  properties  of  the  Boundary  series  -  -  -  -  xvii 

D-5  Chemical  properties  of  the  Heart  series  -----  xviii 

E  Legal  locations  of  the  soil  series  --------  xix 

F  Locations  of  the  soil  series 


xx 


:  1  •  •  • 


eexiaa  dalsM  arid  aeidsaqosq  IfioimerfO 


-  t  a.b  *  i  no:  •  r:  :  o  8 e  .  /  :  J  x  .noriD 


arid  to  esx*"xaqo<q  Xr;oimsriD 


INTRODUCTION 


Phosphorus  has  a  unique  position  in  the  field  of  soil 
fertility.  Though  phosphorus  is  required  by  plants  in  smaller 
amounts  than  nitrogen  and  potassium,  shortage  of  available 
phosphorus  exists  in  many  soils.  A  thorough  knowledge  of  the 
distribution  of  inorganic  phosphorus  forms  and  the  conditions 
under  which  these  become  available  to  plants  would  be  useful 
in  the  study  of  availability  of  soil  phosphorus.  It  would  be 
desirable  to  study  the  nature  and  distribution  of  inorganic 
phosphorus  forms  in  Alberta  soils  before  any  detailed  investi¬ 
gation  in  this  field  is  undertaken. 

Phosphorus  is  present  in  the  soil  in  two  general  forms, 
inorganic  and  organic.  In  the  organic  form,  phosphorus  is 
found  in  nucleic  acids,  phospholipids,  and  inositol  phosphates. 
The  predominant  inorganic  phosphorus  forms  in  soils  are:  water 
soluble  plus  loosely  bound,  aluminum-bound,  iron-bound,  calcium 
bound,  and  occluded  phosphorus.  Currently,  information  on 
inorganic  phosphorus  forms  receives  extensive  use  in  soil 
genesis  and  soil  fertility  studies. 

This  project  was  undertaken  with  the  following  objects: 

A.  To  study  the  amount  and  distribution  of  inorganic  phosphoru 
forms  in  Alberta  Soils. 

B.  To  correlate  the  distribution  of  inorganic  phosphorus 
forms  in  soils  with  physical  and  chemical  properties. 
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REVIEW  OF  LITERATURE 


A.  Phosphorus  Studies  on  Alberta  Soils 

Doughty  (1931)  conducted  phosphorus  studies  on  some 
Alberta  soils  and  reported  that  the  soils  were  in  general 
high  in  water  soluble  or  available  phosphorus,  though  many  of 
them  did  respond  to  phosphatic  fertilizers.  Iron,  aluminum, 
and  organic  compounds  were  found  to  be  responsible  for  most  of 
the  soluble  phosphorus.  He  did  not  find  any  close  relationship 
between  total  and  available  phosphorus.  Superphosphate  alone, 
or  lime  and  superphosphate  increased  the  soluble  or  available 
phosphorus . 

Later,  Odynsky  (1934,  1936)  studied  the  various  horizons 
of  typical  Brown,  Black,  and  Grey  profiles  in  an  effort  to  deter¬ 
mine  the  solubility  and  distribution  of  phosphorus.  He  classi¬ 
fied  the  soil  phosphorus  into  four  forms: 

1.  Easily  soluble — fraction  soluble  in  0.002N  ^2^4’ 

2.  Difficultly  soluble--f raction  soluble  in  2N  H2S04  minus 
easily  soluble  fraction. 

3.  Organic — the  difference  between  phosphorus  extracted  by 
2N  H2S04  before  and  after  ignition. 

4.  Insoluble  compounds. 

Easily  soluble  phosphorus  was  found  to  be  present  in 
much  larger  amounts  in  the  B1,  B2 ,  and  C  horizons  of  the  Brown 
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profile  than  in  the  horizon.  In  the  Black  profiles,  it 
was  present  in  small  to  medium  amounts  in  the  A  and 
horizons  and  increased  to  form  a  large  percent  of  the  total 
phosphorus  in  the  B^  or  lime  horizons.  The  Grey  profiles  had  a 
medium  proportion  of  easily  soluble  phosphorus  in  their  Aq,  A^, 
and  A^ ,  a  small  amount  in  the  upper  B^,  and  large  amounts  in  the 
lower  B^,  upper  B^ ,  and  lower  B 2  horizons.  Difficultly  soluble 
phosphorus  content  was  fairly  low  in  all  horizons  of  the  Brown 
and  Black  profiles.  The  Grey  profiles  showed  a  small  proportion 
of  difficultly  soluble  phosphorus  in  the  Aq  horizon,  much  greater 
proportions  in  the  A^ ,  A^ ,  and  upper  B^  horizons,  and  small  pro¬ 
portions  below  the  upper  B^  horizons.  Organic  phosphorus  occur¬ 
red  in  large  amounts  in  the  surface  horizons,  but  below  these 
the  amounts  of  organic  phosphorus  diminished  to  very  small 
quantities  in  the  B 2  and  C  horizons.  Amounts  of  phosphorus 
varying  from  0  to  20  percent  remained  insoluble  after  ignition 
and  repeated  extractions  with  2N  H2S04. 

These  two  early  studies  were  followed  by  some  investi¬ 
gations  on  the  nature  and  amount  of  organic  phosphorus:  Thomas 
and  Lynch,  1960;  Dormaar,  1961,  1963;  Dormaar  and  Webster, 

1963  a,  1963  b;  Dormaar,  1964a,  1964  b;  and  Dormaar  and  Webster, 
1964. 

B.  Fractionation  of  Soil  Phosphorus 

As  early  as  1906,  Fraps  used  mineral  acids  of  varying 
concentrations  to  differentiate  aluminum,  iron,  and  calcium 


*i  ^aalxdosq  *os!8  arid  ni  .nosxiori  A  arid  ni  nsrfd  9lxdo:rq 


g  bns  A  slid  rrx  adnuoms  mnibsm  od  II  »ma  ni  dnsa;  :tq  :  6 / 


.  anosxxori  ©rail  10  c8  ot U  as  ai/xcriqaorfq 

,  rA  ,  A  i±Bf&  ni  amoriqaoriq  alduloa  Y^aB®  noxddoqodq  muibem 

*IduIoa  vldluoxddxd  .anosxiorf  8  xswol  bn©  ,  .8  isqqu  ,  8  iswol 
nwoii.  9 rid  do  anosx  ori  IIs  ni  wol  x  sini  ax.;  dnsdnoo  air  oriqaoriq 


noxdxoqoxq  Ils/na  s  b 9 /ori a  aalido^q  Ya:Ir^  9f*T  .asl-ido'iq  o u  1  3  bns 


. anosxxorf  j-8  i9qqu  arid  wolsd  « noidioq 


sasrid  wolsd  dud  ,2noshori  90sdiua  arid  ni  edhxro/ns  9£  si  ni  h»i 

od  b9rfaxnxmxb  axnoriqacrfq  oinspio’ do  a:  i  uokib  9rid 

. e no six ori  0  bns  8  9rid  nx  F9Xdidnsup 


.  03rH  WS  ridiw  anoxdoxx  xe  ba  .  qs:  bn  > 


-xdasvnx  9moa  vd  bswollod  9X9W  a9ibuda  xl’tse  owi  saeri' 


xx9dad9W  bns  xssnnioa  ;£d(?I  %Id£I  ,  xssnrixoa  ;0dGI  ,rdnYd  &ns 
^xsdadsW  bns  xssmxoa  bns  ;d  $361  As$d(?I  ,xss/moa  ;d  £*^I  ,s  Cd€I 


.8 


.$dSI 


pn  y^^v  2&XOS  Isx9nxm  b9au  aqsxH  ,  d06I  as  Y^*1159  3iS' 


-4- 


phosphates  in  soils.  Fisher  and  Thomas  (1935)  proposed  an 
extraction  method  to  differentiate  four  phosphorus  forms  on 
the  basis  of  their  solubility  in  selected  buffered  acidic 
solutions : 

1.  Amorphous  and  finely  divided  crystalline  phosphates  of 
calcium,  magnesium,  and  manganese. 

2.  Amorphous  phosphates  of  aluminum  and  iron. 

3.  Phosphorus  adsorbed  upon  hydrous  oxides  and  those  present 
in  the  form  of  apatite. 

4.  Phosphorus  present  as  crystalline  phosphates  of  aluminum 
and  iron. 

However,  Dean  (1937,  1938)  was  the  first  to  attempt 
a  systematic  and  complete  fractionation  of  soil  phosphorus.  He 
grouped  the  phosphorus  compounds  of  soils  into  four  broad  cate¬ 
gories  . 

1.  Inorganic  alkali  soluble  (0.25  NaOH,  followed  by  decoloni¬ 
zation)  — iron  and  aluminum  phosphates  and  small  amounts  of 
mono  and  dicalcium  phosphates  if  they  are  present  in  the 
soil . 

2.  Organic  alkali  soluble  (0.25N  NaOH,  followed  by  oxidation) 
definite  organic  combinations  of  phosphorus. 

3.  Acid  soluble  (0.5N  H2S04)  but  alkali  insoluble — apatites 
and  tricalcium  phosphate. 


4. 


Insoluble  compounds— unknown  composition. 
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He  found  that  part  of  the  total  soil  phosphorus  which  was 
not  removed  by  the  combined  alkali  and  acid  extractions  in 
many  instances  constituted  the  largest  fraction  of  the  soil 
phosphorus . 

Williams  (1937)  grouped  phosphorus  compounds  in  soil 
on  the  basis  of  their  solubility  in  NaOH  solutions  (2  to  20 
percent)  into: 

1.  Soluble--phosphorus  in  combination  with  sesquioxides , 
organic  phosphorus,  exchangeable  phosphorus  of  clay  com¬ 
plex,  phosphorus  of  calcium  compounds  such  as  mono  and 
dicalcium  phosphates,  and  phosphorus  of  water  soluble 
compounds . 

2.  Insoluble — phosphorus  compounds  of  the  apatite  class. 

3.  Doubtf ul--phosphorus  in  interior  of  clay  lattice  and  phos¬ 
phorus  of  titanium  compounds. 

Later  Chirikov  and  Volkova  (1941)  classified  soil  phos¬ 
phorus  into  five  forms: 

1.  Fraction  soluble  in  water  or  — alkali  phosphates, 

acid  phosphates,  diphosphates  of  calcium,  magnesium,  tri¬ 
magnesium  phosphate,  and  some  phosphorites. 

2.  Fraction  soluble  in  0.5N  HOAc — some  apatite,  phosphorite, 
and  salts  of  alcohol  phosphoric  acids  and  sugar  phosphoric 
acids . 

3.  Fraction  soluble  in  0 . 5N  HC1 — phosphorite,  apatite. 
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aluminum  and  iron  phosphates,  and  some  of  the  more  basic 
phosphates  of  iron,  and  phytin. 

4.  Fraction  soluble  in  0.2N  NaOH--nucleins ,  nucleoproteins , 
and  similar  compounds  of  humic  acids. 

5.  Fraction  insoluble  in  any  of  these  solvents — titanium 
phosphate  and  phosphorus  compounds  of  the  unweathered 
minerals  of  the  parent  material. 

The  initial  extraction  in  the  fractionation  procedure 
proposed  by  Dean  was  made  with  0.25N  NaOH.  Here,  soluble  or 
exchangeable  calcium  and  magnesium  interfered  with  the  extrac¬ 
tion  of  phosphorus  by  alkalies.  To  overcome  this,  Ghani 
(1943  a)  modified  the  procedure  by  extracting  first  with  0 . 2N 
HOAc ,  then  with  0.25N  NaOH  until  the  phosphorus  extracted  was 
very  low,  and  finally  with  2N  H2SO4.  Five  fractions  were  ob¬ 
tained  as  follows : 

1.  HOAc  soluble — mono,  di,  and  tricalcium  phosphates. 

2.  Alkali  soluble  inorganic — aluminum  and  iron  phosphates. 

3.  Alkali  soluble  organic  phosphorus. 

4.  h2S04  soluble  phosphorus  of  the  apatite  type. 

5.  Insoluble  phosphorus. 

Further,  Ghani  (1943  b)  modified  the  procedure  by  adding  8- 
hydroxyquinoline  to  the  HOAc  to  check  readsorption  of  phosphorus 
by  aluminum  and  iron. 
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In  an  attempt  to  simplify  the  above  procedure,  Williams 
(1950)  grouped  compounds  of  soil  phosphorus  into  three  major 
groups : 

1.  HOAc  -  8-hydroxyquinoline  extractable — water  soluble  phos¬ 
phates,  calcium  phosphates,  hydroxy  and  carbonate  apatite, 
manganese  phosphates  and  to  some  extent  chlor  and  fluor- 
apatites . 

2.  NaOH  extractable — 

a)  Inorganic--adsorbed  phosphate,  basic  aluminum  and  iron 
phosphates,  and  titanium  phosphate. 

b)  Organic  phosphorus. 

3.  Insoluble  in  either  extractants--chlor  and  f luorapatites , 
crystal  lattice  phosphorus,  resistant  phosphate  minerals 
such  as  turquois  ,  monazite,  and  amblygonite. 

However,  there  remained  an  insoluble  portion  of  soil 
phosphorus  unextracted  in  all  these  fractionation  schemes.  It 
remained  for  Chang  and  Jackson  (1957)  to  formulate  a  complete 
and  systematic  inorganic  soil  phosphorus  fractionation  procedure 
based  on  previous  studies:  Dean,  1938;  Dickman  and  Bray,  1941; 
Ghani,  1943a;  Williams,  1950;  Turner  and  Rice,  1952;  and 
Aguilera  and  Jackson,  1953.  Six  forms  of  inorganic  phosphorus 
were  obtained  by  treating  the  soil  with  the  following  reagents 
successively : 

1.  IN  NH^Cl  extractable — water  soluble  plus  loosely  bound 
phosphorus . 


-V- 


amcilliW  ^i/jbeooiq  evods  erU  Y^*qmis  ne  orl 


10  »«  vj  Id  cirri  suior'  torfq  h oe  io  abmroqmoo  bsqi/oip  (0261) 


-tioxll  bus  iol.do  dnadx©  smoe  od  bns  esdorfqaoriq  easnfipnBfli 


-^9ldfidOB:dX9  HOfiW 


no-  i  bnt  0  un  .mul  >  Qia&<  ,  ) jfid'ieo  '  i  b  ud  oabt — oinspiofl  •  (s 


.  aircorfqBorfq  oxnsp’xO  (d 


,9dxnopvId<  b  bar,  N3dis£no'n  N  axouptix  ?  a  •  owe 

Ixoa  do  noxd^oq  sldyloenx  ns  benis/n©^  9d9dd>  ,:i9V9woH 

. 

9d.9lqnioo  b  adslu/rniod  od  (V16I)  noa^osb  bn  >  pnBrib  ic  i  b9fixsm9i 


9‘xnb9DO‘xq  noxdsnoxdosxd  einorfqeorfq  Ixoa  oxn  pioni  oxdBmedaYB  bns 
;I^ei  x V6*i8  bns  nsniMoxa  ;8iei  ,n69a  jaeibuds  ayoxvgiq  no  beasd 
bns  ;  £261  teolH  bnx>  *9mwT  ;026I  xsmsllUVI  ;b£*6I  >lnBri^ 


jYleviaaBOowa 

brin  >d  y-£  )e°°I  arlq  slciwloa  is^rw— 9lds^os'i  x  1  -^HM  fcx 


•  bui Oj  qaodq 


-8- 


2.  0 . 5N  NH^F  (pH  7.0)  extractable — aluminum-bound  phosphorus. 

3.  0 . IN  NaOH  extractable — iron-bound  phosphorus. 

4.  0.5N  extractable-calcium-bound  phosphorus. 

5.  0 . 3M  sodium  citrate-sodium  dithionite  extractable — 
reductant  soluble  iron-bound  phosphorus. 

^  •  0.5N  NH^F  and  0 .  IN  NaOH  extractable=~occluded  aluminum- 

iron-bound  phosphorus. 

Soil  phosphorus  fractionation  studies  were  also  attempted 
by  the  following  workers:  Stelly  and  Pierre,  1942;  Allaway  and 
Rhoades,  1951;  Godfrey  and  Riecken,  1954;  Bhangoo  and  Smith, 

1957;  Saunders,  1957;  and  Patel  and  Mehta,  1961. 

C.  Modification  of  the  Chang  and  Jackson  Procedure 

There  have  been  several  modifications  in  the  Chang 
Jackson  procedure.  A  brief  review  of  the  major  modifications 
follows : 

1.  Fife,  1959a,  1959b 

From  the  results  obtained  in  the  study  of  phosphate 
solubility  in  systems  containing  FeCOH)^/  Fife  concluded  that 
at  pH  7.0  (Chang  and  Jackson  procedure  step  2)  the  effects  of 
secondary  reactions,  obscuring  the  true  aluminum-bound  phosphorus 
value  were  likely  to  be  most  pronounced.  It  was  shown  that  the 
fluoferrate  ion  did  not  completely  dissociate  until  the  pH  rose 
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to  a  value  of  approximately  8.0  in  0 . 5N  NH^F .  Phosphate 
solubility  in  systems  containing  Fe (OH) ^  was  shown  to  reach  a 
minimum  value  in  the  vicinity  of  the  neutral  point.  Therefore 
it  was  concluded  that  a  satisfactory  delineation  of  the 
aluminum-bound  soil  phosphorus  was  unlikely  to  be  attained  by 
the  use  of  0.5N  NH^F  at  pH  7 . 0 .  He  suggested  that  the  use  of 
a  fluoride  solution  sufficiently  alkaline  to  inhibit  the  read¬ 
sorption  of  phosphate  by  free  iron  oxides  might  result  in  an 
improved  delineation  of  aluminum-bound  phosphorus,  and,  there¬ 
fore,  he  recommended  a  pH  of  8.5  for  NH^F  solution.  One 
advantage  of  employing  the  reagent  at  pH  8.5  is  that  it  is 
sufficiently  well  buffered  to  resist  pH  change  in  the  presence 
of  most  soils.  And  at  this  pH,  iron  phosphate  in  soils  dis¬ 
plays  a  marked  resistance  to  alkaline  hydrolysis. 

2.  Glenn  ot  al .  ,  1959 

They  studied  the  selectivity  of  the  different  extraction 
solutions  used  by  Chang  and  Jackson  with  natural  soil  samples 
and  synthetic  and  natural  phosphate  minerals.  The  essential 
changes  were  as  follows: 

a)  Use  of  0.5N  NH^F  at  pH  8.2. 

b)  Reversal  of  the  order  of  extraction  of  reductant  soluble 
iron-bound  phosphorus  and  calcium-bound  phosphorus. 

c)  Removal  of  organic  phosphorus  from  the  sodium  dithionite 
extract  by  shaking  with  activated  charcoal,  in  case  of 
soils  high  in  organic  matter. 
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d)  Grouping  of  occluded  aluminum-bound  phosphorus  and 
occluded  aluminum-iron-bound  phosphorus.  The  residue 
remaining  after  sodium  citrate-sodium  dithionite  extrac¬ 
tion  was  given  a  sodium  hydroxide  treatment  to  remove  the 
total  occluded  aluminum- iron-bound  phosphorus. 

3.  Khin  and  Leeper,  1960 

They  noticed  that  keeping  the  pH  of  NH^F  solution  at 
either  7.0  or  at  8.5doesnot  correct  the  errors  involved  in 
separating  aluminum  phosphate  from  iron  phosphate  in  soils. 

At  a  higher  pH,  the  phosphate  ion  is  displaced  from  the  iron 
phosphate  by  hydroxide  ion,  giving  too  high  a  value.  In 
addition,  an  opposite  source  of  error  is  possible.  The  phos¬ 
phorus  extracted  by  NH^F  will  again  be  adsorbed  by  Fe (OH) ^  or 
calcium  in  the  case  of  carbonate  soils  when  the  pH  is  8.5;  if 
so,  part  of  the  extracted  aluminum  phosphate  will  be  considered 
as  the  iron  phosphate  in  NaOH'  extraction  or  as  the  calcium  phos¬ 
phate  in  H2SC>4  extraction.  According  to  them,  widening  the 
ratio  of  the  volume  of  the  extractant  to  the  soil  may  reduce 
but  cannot  eliminate  these  errors. 

Further,  they  doubted  the  degree  of  accuracy  in  deter¬ 
mining  the  principal  calcium  phosphates  by  0 . 5N  H2S04  extrac¬ 
tion  (after  successive  treatment  of  soil  with  IN  NH^Cl,  0 . 5N 
NH4F,  and  0 . IN  NaOH).  When  the  soil  is  treated  with  0 . 5N 
H2S04,  a  reprecipitation  of  phosphorus  by  the  soil  is  possible 
as  a  result  of  the  acid  soluble  iron  entering  simultaneously 
into  solution,  that  is,  a  so-called  secondary  phosphorus 
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adsorption  takes  place.  However,  this  error  is  avoided  by 
the  reversal  of  the  order  of  extraction  of  reductant  soluble 
iron  phosphate  and  calcium  phosphate  (Glenn  et  a_l.  ,  1959)  . 

4.  Fiskell  and  Spencer,  1964 

There  is  enough  evidence  to  show  the  presence  of 
dicalcium  phosphate  dihydrate  (DCPD)  and  tricalcium  phosphate 
(TCP)  in  soils.  Fiskell  and  Spencer  observed  that  NH^Cl  is  an 
unsatisfactory  extractant  to  dissolve  DCPD  and  TCP  formed  after 
the  application  of  triple  superphosphate  in  soils.  Therefore, 
they  employed  IN  NH^OAc  buffered  to  pH  4.8  with  HOAc  instead 
of  IN  NH^Cl  used  in  the  original  sequential  extraction. 

5.  Smith,  1965 

He  applied  a  correction  factor,  calculated  from  percent 
recoveries  of  increasing  amounts  of  standard  phosphorus  added 
to  the  NH^F  extractant,  for  an  accurate  separation  of  aluminum 
phosphate  from  iron  phosphate. 

6.  Other  Modifications 

In  addition  to  the  modifications  discussed  above,  there 
have  been  other  modifications  in  the  procedure:  Fife,  1959  b; 
Glenn  et  al . ,  1959;  Chang  and  Liaw,  1962;  Askinazi,  Ginzburg, 
and  Lebedeva,  1963;  Fiskell  and  Spencer,  1964;  Chang,  Chu,  and 
Erh,  1966;  and  Peterson  and  Corey,  1966. 


D. 


Nature  and  Distribution  of  Inorganic  Phosphorus  Forms  in  Soils 
The  water  soluble  plus  loosely  bound  phosphorus  consists 
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of  soil  solution  phosphorus  and  phosphatesof  sodium,  potassium, 
ammonium,  and  magnesium.  As  far  as  the  aluminum,  iron,  and 
calcium— bound  forms  are  concerned,  there  is  a  wide  range  of 
phosphorus  compounds  in  soils.  Aluminum-bound  phosphorus  may 
occur  as  variscite-like ,  wavellite-like  minerals  or  as  precipi¬ 
tated  grains  on  aluminosilicate  and  gibbsite;  whereas,  iron- 
bound  phosphorus  occurs  as  strengite-like  or  duf renite-like 
minerals  or  as  precipitated  grains  on  iron  oxides.  In  flooded 
soils,  vivianite,  a  ferrous  phosphate  mineral,  is  usually 
present.  Calcium-bound  phosphorus  exists  in  a  variety  of  com¬ 
pounds  such  as  mono,  di,  and  tricalcium  phosphates,  octacalcium 
phosphate,  a  variety  of  apatite',  and  as  precipitates  on  calcium 
carbonate  particles. 

Occluded  phosphorus,  as  used  in  this  text,  consists  of 
the  reductant  soluble  iron-bound  phosphorus  and  the  occluded 
aluminum-iron-bound  phosphorus.  In  the  process  of  chemical 
weathering,  aluminum  and  iron-bound  phosphorus  become  occluded 
within  iron  oxides.  Because  of  the  iron  oxide  coatings,  a 
reduction-chelation  treatment  is  necessary  to  release  this  form. 
This  is  accomplished  by  sodium  citrate-sodium  dithionite  - 
sodium  bicarbonate  treatment  in  the  fractionation  procedure. 
Bauwin  and  Tyner  (1957a,  1957  b)  discussed  the  nature  of 
occluded  phosphorus  in  detail. 

The  results  of  fractionation  studies  on  different  soils 
characteristically  show  contrasting  trends  in  the  distribution 
of  various  forms.  The  distribution  of  inorganic  phosphorus 
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forms  in  soils  is  attributed  to  several  factors  such  as 
activities  of  various  ions  in  soil,  pH,  age  of  the  soil, 
drainage,  texture,  fertilizer  practice,  mineralogical  nature, 
parent  material,  climate,  topography,  activity  of  soil  micro¬ 
organisms  and  plant  roots,  intensity  of  chemical  weathering, 
and  depth  of  the  soil. 

The  predominant  forms  in  acid  soils  are  aluminum  and 
iron-bound  phosphorus;  whereas,  alkaline  soils  contain  more 
calcium-bound  phosphorus  than  other  forms.  Neutral  soils 
contain  varying  proportions  of  these  forms.  It  is  observed 
that,  highly  weathered  soils  are  rich  in  aluminum  and  iron- 
bound  phosphorus  and  occluded  phosphorus.  Less  weathered  soils 
have  more  calcium-bound  form  than  other  forms.  These  trends 
in  the  distribution  of  inorganic  phosphorus  forms  suggest  that 
there  is  a  dynamic  equilibrium  between  the  forms  in  soils 
(Kaila,  1961  b) . 

E.  Application  of  Fractionation  Studies 
Presently,  the  Chang  and  Jackson  procedure  receives 
extensive  use  in  soil  genesis  and  soil  fertility  investigations. 
Different  workers  have  utilized  the  results  of  inorganic  phos¬ 
phorus  fractionation  studies  as  follows: 

1.  To  study  the  distribution  pattern  of  inorganic  phosphorus 
forms  in  soils  under  natural  conditions — Chang  and  Jackson, 
1957,  1958;  Chu  and  Chang,  1960;  Hamilton  and  Lessard, 

1960;  Khin  and  Leeper,  1960;  Wright  and  Peech,  1960; 
Askinazi,  Ginzburg,  and  Lebedeva,  1963;  John,  1963;  Kaila, 
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1963  b;  Soper  and  Elbagouri,  1964;  Bapat  et  al.,  1965; 
Hanley,  1965;  Westin  and  Buntley,  1966;  and  Ahmed  and 
Jones,  1967. 

2.  To  study  the  distribution  of  inorganic  phosphorus  forms 
in  soils  as  related  to  chemical  weathering — Chang  and 
Jackson,  1958;  Goel  and  Agarwal,  1959;  Hsu  and  Jackson, 
1960;  Dahnke ,  Malcolm,  and  Menendez ,  1964;  Haas,  1964; 
Floate,  1965;  and  Hawkins  and  Kunze,  1965. 

3.  To  study  the  fate  of  applied  phosphorus  in  soils — Chai 
and  Caldwell,  1959;  Yuan,  Robertson,  and  Neller,  1960; 
Chang  and  Chu,  1961;  Kaila,  1961  a,  1961  b?  1963  a;  Volk 
and  McLean,  1963;  Fiskell  and  Spencer,  1964;  Kaila, 

1964,  1965  a;  Kurtz  and  Quirk,  1965;  Manning  and  Salomon, 
1965;  Singh,  1965;  and  Grigg,  1966. 

4.  To  correlate  with  plant  available  forms  and  develop  soil 
tests — Laverty  and  McLean,  1961;  Hanley,  1962;  MacKenzie, 
1962;  Tyner  and  Davide,  1962;  Chiang,  1963;  Susuki, 
Lawton,  and  Doll,  1963;  .Al-Abbas  and  Barber,  1964  a, 

1964  b;  Alban,  Vacharotayan ,  and  Jackson,  1964;  Blanchar 
and  Caldwell,  1964;  Jackson,  Vacharotayan,  and  Peterson, 
1964;  Pratt  and  Garber,  1964;  Savant  and  Ellis,  1964; 
Dunbar  and  Baker,  1965;  Grigg,  1965;  Kaila,  1965  b;  Payne 
and  Hanna  1965;  Smith,  1965;  Chiang,  1966;  Jenkins,  1966; 
Robertson,  Thompson  and  Hutton,  1966;  Sing,  Martens,  and 
Obenshain,  1966;  and  Westin  and  Buntley,  1966  b. 
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5.  To  determine  the  surface  activity  of  inorganic  phosphorus 
forms  in  soils-- Chang  and  Chu,  1966. 

6.  And  to  study  the  effect  of  phosphorus  on  some  physical 
properties  of  soils — Lutz  et  al.,  1966. 
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MATERIALS  AND  METHODS 


A.  Soils 

Eighteen  profiles,  three  each  of  five  plus  one  each 
of  three  series  high  in  available  phosphorus,  were  taken  from 
virgin  sites  in  1966.  Surface,  subsoil,  and  parent  material 
samples  were  obtained  from  each  profile.  The  classification, 
parent  material,  horizons  sampled,  texture  of  surface  soil, 
and  number  of  profiles  of  the  soil  series  are  given  in  Table 
1.  For  legal  locations  of  the  soil  series  see  Appendices  E 
and  F.  The  soil  samples  were  air  dried  at  room  temperature, 
passed  through  a  2  mm  sieve,  and  stored  in  non-sealing  screw 
top  containers . 


B.  Physical  Analysis 

Mechanical  analysis  was  done  on  all  samples  in  duplicate 
by  the  pipette  method  as  described  by  Toogood  and  Peters  (1953) . 
The  percentages  of  sand,  silt,  and  clay  were  based  on  the  oven 
dry  weight  of  organic  matter,  carbonate,  and  soluble  salt  free 
material . 

C.  Chemical  Analyses 

Inorganic  phosphorus  fractionation  of  the  soil  was 
carried  out  according  to  the  Chang  and  Jackson  procedure 
(1957)  as  modified  by  Glenn  et  al . ,  (1959).  The  determinations 

were  done  in  duplicate  on  all  samples  except  subsoil  and  parent 
material  samples  of  Maleb,  Beaverhills,  Breton,  Boundary,  and 
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Table  1.  Classification,  parent  material,  horizons,  dominant  texture,  and  number 
of  profiles  of  the  soil  series 
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Table  2.  Forms  of  inorganic  phosphorus  and  the  extractants 
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Heart  profiles.  The  fractionation  procedure  is  discussed  in 
Appendix  A-l.  The  forms  of  inorganic  phosphorus  along  with 
the  extractants  used  are  given  in  Table  2 . 

The  extract  obtained  in  the  determination  of  reductant 
soluble  iron-bound  phosphorus  (Appendix  A-l)  was  used  for  the 
estimation  of  free  iron  oxides  in  soils.  The  iron  concentra¬ 
tion  was  determined  on  a  Perkin  Elmer  Model  303  Atomic  Absorp¬ 
tion  Spectrophotometer. 

Determination  of  pH  was  done  on  soil  paste  (Doughty, 

1941)  as  well  as  in  0.01  M  CaCl^  (Jackson,  1958).  All  read¬ 
ings  were  recorded  on  a  Beckman  Zeromatic  pH  meter  equipped 
with  glass  and  calomel  electrodes.  The  CaCO^  equivalent  was 
determined  gravimetncally  by  heating  the  soil  with  2N  H^SO^ 
containing  5%  FeSO^  and  trapping  the  evolved  C02  in  a  weighed 
Nesbitt  bulb  filled  with  alternate  layers  of  Indicarb. 

An  HCl-HNO^-HF  wet  oxidation*  was  followd  for  the  extrac¬ 
tion  of  total  phosphorus,  iron,  aluminum,  and  calcium.  Total 
analysis  was  done  on  all  samples  in  duplicate.  The  procedure 
is  described  in  Appendix  A-2.  Phosphorus  was  determined  by 
the  ascorbic  acid-reduced  molybdophosphoric  blue  color  method 
in  H2SO^  system  (Watanabe  and  Olsen,  1965)  as  outlined  in 
Appendix  A-3.  Total  iron,  aluminum,  and  calcium  were  deter¬ 
mined  on  a  Perkin  Elmer  Model  303  Atomic  Absorption  Spectro¬ 
photometer  . 

* 

Personal  communication  with  Dr.  S.  Pawluk,  Associate  Professor 
of  Soil  Science,  Univ.  of  Alberta,  Edmonton. 
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Available  phosphorus  was  extracted  by  the  Miller  and 
Axley  (0.03N  NH4F  +  0.03N  H2S04),  and  Olsen  (0.5M  NaHC03) 
methods  as  outlined  by  Robertson  (1962)  ,  except  that  the 
ascorbic  acid-reduced  molybdophosphoric  blue  color  method 
in  H2S04  system  was  used  for  the  colorimetric  determination 
of  phosphorus  (see  Appendix  A-3) . 

D.  Statistical  Analyses 

Standard  deviations  and  simple  correlation  coefficients 
were  calculated  according  to  standard  methods  (Steel  and 
Torrie ,  1960)  . 
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RESULTS  AND  DISCUSSION 


The  detailed  results  of  the  various  analyses  on 
individual  soil  samples  are  given  in  Appendices  C  and  D. 

The  average  concentration  of  phosphorus  forms  in  the  three 
horizons  of  the  various  soil  series  are  reported  in  Tables 
3  and  4.  Tables  5  and  6  show  the  distribution  of  inorganic 
phosphorus  forms  expressed  as  percent  of  total  inorganic  phos¬ 
phorus  and  the  distribution  of  Ca-P,  Al-P,  and  Fe-P  as  percent 
of  active  phosphorus*.  The  percentage  distribution  of  Ca-P, 

Al-P,  Fe-P,  occluded  phosphorus  (Occl-P)  and  residual  plus 
organic  phosphorus  (Res+org-P)  are  shown  in  Fig.  1  to  4 . 

These  tables  and  figures  have  been  presented  to  fit  roughly 
the  concept  that  as  weathering  increases,  there  is  a  shift 
in  relative  abundance  of  inorganic  phosphorus  forms  from  Ca-P 
toward  Al-P,  Fe-P,  and  Occl-P  (Chang  and  Jackson,  1958). 

A.  Distribution  of  Inorganic  Phosphorus  Forms  in  the 
Soil  Series 

1.  Calcium-bound  Phosphorus 

Ca-P  ranges  from  1  to  442  ppm  (Tables  3  and  4) .  The 
highest  values  (100-400  ppm)  are  found  in  the  soil  series  and 
soil  horizons  which  are  least  weathered.  The  very  low  values 
(<  15  ppm)  occur  in  the  Boundary  (derived  from  acid  shale  parent 
material)  and  in  the  strongly  weathered  Ae  horizon  of  the  Heart  series 
Ca-P  is  the  predominant  form  in  the  Maleb,  Beaverhills  and  the  C 

Active  phosphorus  =  Ca-P  +  Al-P  +  Fe-P. 
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Table  3.  Average  concentration  (ppm)  of  phosphorus  forms  in  the  Chernozemic  soil  series 
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Table  4.  Average  concentration  (ppm)  of  phosphorus  forms  in  the  Podzolic  soil  series 
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Table  5.  Average  distribution  of  inorganic  phosphorus  forms 
in  the  Chernozemic  soil  series 


Horizon  Ca-P  Al-P  Fe-P  Occl-P  Ca-P  Al-P  Fe-P 

— %  of  total  inorganic  P —  — %  of  active  P 
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Table  6.  Average  distribution  of  inorganic  phosphorus 


forms 

in  the 

Podzolic  soil 

series 

Horizon 

Ca-P 

Al-P 
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—  %  of 
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horizons  of  Glory  and  Breton  profiles,  and  this  may  be 
explained  by  the  high  calcium  saturation  of  their  exchange 
complexes.  The  high  acidity  of  Boundary  profile  precludes  the 
presence  of  Ca-P  and  this  is  evident  from  the  very  low  concen¬ 
tration  of  this  form.  With  the  exception  of  Boundary,  Ca-P 
concentration  increases  with  depth.  The  discrepancy  observed  in 
the  Rimbey  may  be  attributed  to  insufficient  sampling  depth. 

When  expressed  as  percent  of  the  total  inorganic  phosphorus 
(Tables  5  and  6)  Ca-P  ranges  from  10  to  92%  in  the  Maleb,  Beaver- 
hills,  Glory,  and  Breton  series  and  from  2  to  53%  in  the  other 
series.  Ca-P  constitutes  82  to  92%  of  the  inorganic  phosphorus  in 
the  C  horizons  of  the  first  group  of  soils.  What  is  more  evident 
is  the  low  content  of  Ca-P  in  Boundary,  where  it  is  only  2  to  6% 
of  the  inorganic  phosphorus. 

2 .  Aluminum-bound  Phosphorus 

Al-P  varies  from  2  ppm  in  the  Bt  of  Rimbey  to  398  ppm  in  the 
Bf  of  Heart  series  (Tables  3  and  4) .  There  is  a  tendency  for 
Al-P  to  decrease  with  depth  in  all  the  series  except  Heart,  where 
it  shows  a  marked  accumulation  in  the  Bf  horizon.  This  accumu¬ 
lation  in  the  Bf  of  Heart  series  may  be  attributed  to  increased 
weathering  of  the  Ae  horizon  resulting  in  the  dissoltuion  of 
aluminum  and  phosphorus  containing  compounds  and  subsequent 
precipitation.  The  three  series  high  in  available  phosphorus 
(Rimbey,  Winterburn  and  Glory)  have  characteristically  higher 
amounts  of  Al-P  in  their  surface  horizons. 
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When  expressed  as  percent  of  the  total  inorganic 
phosphorus,  Al-P  varies  from  1  to  48%  (Tables  5  and  6).  If 
the  Heart  series  is  excluded,  the  percent  of  Al-P  is  compara¬ 
tively  low  and  with  the  exception  of  surface  horizons,  its 
content  is  relatively  constant.  Such  a  trend  supports  the  sug¬ 
gestion  of  Chang  and  Jackson  (1958)  that  it  is  a  transition 
phase  in  the  weathering  sequence  Ca-P--Al-P--Fe-P--Occl-P . 

3.  Iron-bound  Phosphorus 

Fe-P  varies  from  5  to  260  ppm  (Tables  3  and  4) .  Fe-P 
concentration  decreases  with  depth  in  all  the  soils  except 
Boundary  and  Heart  series.  In  the  Boundary  Fe-P  increases  with 
depth  and  it  is  the  predominant  form.  In  Heart  the  Ae  horizon 
is  leached  of  this  form  and  there  is  an  accumulation  in  the  Bf 
horizon.  Fe-P  occurs  in  higher  concentrations  in  the  Rimbey, 
Winterburn  and  Glory  series. 

When  expressed  as  percent  of  the  total  inorganic  phosphorus, 
Fe-P  varies  from  1  to  57%  (Tables  5  and  6) .  The  higher  percent¬ 
ages  (>  30)  occur  in  the  surface  horizons  of  Rimbey,  Winterburn, 
Glory,  Breton,  Heart, and  throughout  the  Boundary  profiles. 

4.  Occluded  Phosphorus 

Occl-P  varies  from  1  to  174  ppm  (Tables  3  and  4) .  Occl-P 
content  decreases  with  depth  in  the  Maleb,  Beaverhills,  and 
Breton  series.  The  Rimbey,  Winterburn,  and  Glory  (high  in  avail¬ 
able  phosphorus)  are  comparatively  high  in  this  form,  as  are  the 
Boundary  and  Heart  series.  The  high  amount  of  Occl-P  in  the  A 
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and  B  horizons  compared  to  the  C  horizons  suggests  that  its 
accumulation  is  related  to  weathering  and  soil  development 
processes.  Weathering  processes  increase  the  activity  and 
mobility  of  iron.  Occl-P  concentration  is  less  in  soils 
developed  under  calcification  than  in  the  case  where  acid 
leaching  and  iron  movement  occur  as  in  podzolization 
(Allaway  and  Rhoades,  1951). 

Occl-P  content  ranges  from  5  to  54%  of  the  total  inorganic 
phosphorus  (Tables  5  and  6) .  According  to  Chang  and  Jackson 
(1958),  this  is  the  most  resistant  of  the  inorganic  forms.  One 
might,  therefore,  expect  to  find  a  higher  content  of  Occl-P  in 
the  Heart  series  than  in  the  others.  The  discrepancy  observed 
in  the  distribution  of  this  form  in  the  Heart  series  may  be 
due  to  low  clay  content.  The  acid  parent  material  of  the 
Boundary  series  may  account  for  the  differences  between  the 
concentration  of  Occl-P  in  this  soil  and  the  Breton  series. 

B.  Relationship  between  Physical  and  Chemical  Properties 
and  the  Distribution  of  Inorganic  Phosphorus  Forms 

The  particle  size  analysis  data  are  reported  in  Appendix 
B.  There  is  no  apparent  relationship  between  the  distribution 
of  soil  separates  and  inorganic  phosphorus  forms. 

The  results  of  chemical  analyses  are  given  in  Tables 
7  and  8.  Although  soil  reaction  is  not  closely  correlated  with 
Al-P,  Fe-P,  and  Occl-P  contents,  which  agrees  with  the  report 
of  Tandon  et  al.,  (1967),  the  results  show  two  general  trends. 
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First,  acid  soils  are  high  in  Al-P,  Fe-P,  and  Occl-P; 
secondly  alkaline  soils  are  high  in  Ca-P.  Sometimes,  even 
in  acid  or  alkaline  soils,  varying  proportions  of  Ca-P,  Al-P, 
and  Fe-P  occur  and  such  distribution  patterns  may  be  because 
of  random  pockets  of  alkalinity  and  acidity  (Chang  and  Jackson, 
1958) . 

The  results  for  Fe-P  and  free  Fe^O^  do  not  suggest  any 
relationship  between  the  two.  But,  there  is  a  relationship 
between  Ca-P  contents  and  CaCO^  equivalent  in  the  soils  developed 
on  calcareous  parent  materials  (Maleb,  Beaverhills,  Glory, 

Breton) .  Above  pH  7  Ca-P  is  more  stable  than  Al-P  and  Fe-P  in 
soils,  particularly  in  the  presence  of  CaCO^  (Hsu  and  Jackson, 
1960).  Further,  there  seems  to  be  a  general  relationship  between 
the  Ca-P  and  total  calcium  contents  in  the  soils  and  this  agrees 
with  the  observation  of  Ahmed  and  Jones  (1967)  .  However,  there 
is  no  apparent  relationship  between  the  contents  of  total  alumi¬ 
num  and  iron  and  concentration  of  Al-P  and  Fe-P  in  the  soils. 

This  may  be  because  of  the  manyfold  concentration  of  Al  and  Fe 
ions  compared  to  phosphate  ion  in  soils. 

C.  Effect  of  Parent  Material  and  Climate  on  the 
Distribution  of  Inorganic  Phosphorus  Forms 

Table  9  shows  the  average  distribution  of  phosphorus  forms 
in  the  C  horizons  of  soil  series  formed  on  various  parent 
materials.  Ca-P  accounts  for  63  to  74%  (mean  68%)  of  the  total 
phosphorus  in  the  C  horizons  of  soils  developed  on  till.  The 
acid  shale  and  aeolian  sand  parent  materials  are  rich  in  Fe-P 
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Table  7.  Average  chemical  properties  of  the  Chernozemic 
soil  series 


Horizon  pH  in  pH  in  Free  CaCO^  Fe-O.,  Al^O^  CaO  % 

soil  paste  0.01M  Fe-O..*  equi-  %  % 

CaCl9  valent 

% 


MALEB 


Ah 

7.0 

6.7 

.62 

.11 

2.94 

9.20 

1.10 

Bm 

7.1 

6.9 

.88 

.04 

3.69 

10.64 

1.11 

C 

8.0 

7.9 

.83 

3.41 

2.92 

10.11 

2.37 

BEAVERHILLS 


Ah 

6.2 

5.9 

1.05 

.09 

2.73 

10.96 

1.28 

Bm 

6.3 

6.1 

1.23 

.08 

3.79 

12.76 

.93 

C 

7.6 

7.5 

.93 

3.63 

3.13 

10.49 

2.69 

RIMBEY 


Ahe 

Bt 

C 


5.8 

5.4 

.93 

.21 

2.63 

7.24 

1.10 

6.1 

5.9 

1.14 

.08 

3.60 

8.41 

.79 

6.1 

5.9 

1.14 

trace 

3.60 

10.58 

.76 

WINTERBURN 


Ahe 

5.8 

5.5 

.93 

.12 

3.14 

11.15 

.82 

Bt 

5.4 

5.3 

1.33 

.01 

4.76 

13.89 

.85 

C 

5.3 

5.1 

1.10 

trace 

4.38 

13.42 

.94 
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Table  8.  Average  chemical  properties  of  the  Podzolic 


soil  series 


Horizon  pH  in  pH  in  Free 

soil  0.01M  Fe2°3 

paste  CaC^ 


CaC03  Fe2°3  A12°3  Ca0  % 

equi-  %  % 

valent 

% 


GLORY 


Ae 

6.5 

6.2 

1.00 

.10 

3.50 

9.45 

.76 

Bt 

4.9 

4.7 

2.46 

.03 

5.62 

10.58 

.81 

C 

7.5 

7.4 

1.87 

3.02 

5.04 

9.86 

2.52 

BRETON 

Ae 

5.2 

4.7 

.75 

.11 

2.31 

8.82 

.63 

Bt 

4.6 

4.5 

1.19 

.03 

3.38 

12.09 

.78 

C 

6.8 

6.7 

1.11 

1.42 

3.19 

11.34 

1.72 

BOUNDARY 

Ae 

4.7 

4.1 

1.11 

.08 

2.63 

8.21 

.33 

Bt 

4.4 

3.9 

1.51 

.06 

4.03 

12.67 

.28 

C 

4.2 

3.7 

1.59 

.07 

5.19 

14.84 

.21 

HEART 

Ae 

4.2 

3.7 

.16 

trace 

.33 

2.90 

.18 

Bf 

5.5 

4.8 

.91 

.12 

1.56 

3.92 

.22 

C 

5.5 

4.9 

.87 

.01 

2.09 

5.42 

.31 
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and  Occl-P.  Note  also  the  prominence  of  Ca-P  in  aeolian  sand. 
However,  it  is  not  possible  to  draw  any  conclusion  concerning 
the  distribution  of  inorganic  phosphorus  forms  in  the  pitted 
deltaic  and  alluvial  lacustrine  parent  materials  because  of  the 
limited  number  of  profiles  and  insufficient  sampling  depths 
in  two  of  them. 

Generally,  with  degree  development,  the  content  of  Ca-P, 
which  is  the  least  resistant  among  the  four  forms  of  inorganic 
phosphorus,  decreases  in  soils.  The  effect  of  climate,  as 
expressed  through  the  Great  Groups,  is  sometimes  nullified  by 
the  influence  of  parent  materials.  This  is  evident  from  the 
higher  amount  of  Ca-P  in  the  C  horizon  of  Breton  than  that  of 
Boundary  series  (Tables  3  and  4) ,  and  different  inorganic  phos¬ 
phorus  distribution  patterns  in  the  Glory,  Breton,  and  Boundary 
series — all  belonging  to  the  Grey  wooded  Great  Group  (Tables 
5  and  6) .  Glory  and  Breton  soils  have  most  of  the  inorganic 
phosphorus  as  Ca-P  in  the  C  horizons,  whereas  Fe-P  and  Occl-P 
are  the  predominant  forms  in  the  Boundary  C  horizon. 

The  soils  are  arranged  in  Fig.  1  to  4  in  increasing  order 
of  weathering.  The  weathering  sequence  ,  based  on  the  distri¬ 
bution  of  inorganic  phosphorus  forms,  proposed  by  Chang  and 
Jackson  (1958) ,  holds  good  only  in  the  case  of  soils  formed  on 
the  same  parent  materials.  Some  of  the  discrepancies  observed 
in  the  above  soils  may  be  attributed  to  the  variety  of  parent 


materials . 


•  bn£3  nsiX osb  ni  a-60  do  soneasmoic  9rid  os  1b  9doW  . a-XooO  bn© 
pninxsonoo  noieuXonoo  Ynfi  waxb  od  aXdisaoq  don  si  di  ,  xsv9woH 


3qs  pniXqmBe  dnaio/dduani  one  asXidoxq  do  xodmx/n  b9dimxX 


oinspxoni  io  airrxod  mod  arid  pnom©  dnsdaleex  dan^X  arid  ex  rio.riw 

.  ;  xos  ni  89Sfi9xo9b  x  auioriqr  ori<; 

. 

' 

-ao/i-r  oir  oj  t  -  b  bns  ,  bn-,  1  >J-  .  H  csrsav  vd:>bi.;,  >a 

YiBbnuofl  bn©  , nodsxS  ^y^0-^  arid  ni  anx9dd6q  noxdudixrieib  axrxoriq 
saldfiT)  qi/oxD  d69xD  bsboow  Y9d0  9rid  od  pnipnoi9d  XIr  — eai^ea 
oini  px  o<  >r  3  deom  9VBri  aXioa  nodosa  bns  vxoXO  .(9  bn  c 

3-IooO  bns  a-sd  369X9riw  ^anosxxorf  0  srid  ni  a-sD  sb  anxoriqaorfq 
. nosixori  D  yi&bauoQ.  ©rid  nx  anrxod  dnx  a  x;nob9xq  9rid  9xb 


x9bxo  pnisBsxonx  nx  od  X  .px'd  ni  b9pnsxXB  sxb  sXios  9riT 
X  '  and  no  b  ?3Bd  *  eon©  ups  a  pnix9rid£sw  9riT  . pnxx9rfd£9w  do 

bns  pn>  :  i  Yd  bsaoqoxq  ,  arnxod  suxoriqsoriq  oinnpxonx  do  noxdnd 
no  bsmxod  a  ioe  do  9Sbo  9rid  ni  Y-^no  £>oop  eblori  ,  (8561)  nosMosL 
bevxsedo  S9ion£q9xosib  arid  do  smo3  .  aXsixadfinx  dn9xsq  sm© a  9rid 
dn9xnq  o  y  &■  dBV  srid  od  b9dxrdixdd6  9d  Yfim  sXioa  9vod6  9nd  nx 


.aXfiixedBni 


Table  9.  Average  distribution  of  phosphorus  forms  in  the  C  horizons  of  soil  series 
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FIG.  1  PERCENTAGE  DISTRIBUTION  OF  PHOSPHORUS  FORMS 

IN  THE  MALEB  AND  BEAVERHILLS  SERIES 
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Ca-P  Al-P  Fe-P  Occl-P  Res+  Ca-P  Al-P  Fe-P  Occl-P  Res+Org-P 

Org-P 

FIG.  2  PERCENTAGE  DISTRIBUTION  OF  PHOSPHORUS  FORMS 

IN  THE  RIMBEY  AND  WINTERBURN  SERIES 
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Ca-P  Al-P  Fe-P  Occl-P  Res  +  Ca-P  Al-P  Fe-P  Occl-P  Res+Org-P 

Org-P 

FIG.  3  PERCENTAGE  DISTRIBUTION  OF  PHOSPHORUS  FORMS 

IN  THE  GLORY  AND  BRETON  SERIES 
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Ca-P  Al-P  Fe-P  Occl-P  Res+  Ca-P  Al-P  Fe-P  Occl-P  Res+Org-P 

Org-P 

FIG.  4  PERCENTAGE  DISTRIBUTION  OF  PHOSPHORUS  FORMS 

IN  THE  BOUNDARY  AND  HEART  SERIES 
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D.  Residual  plus  Organic  Phosphorus  in  the  Soil  Series 
In  this  text,  the  difference  between  total  phosphorus 

and  total  inorganic  phosphorus  forms  is  considered  as  Res  + 
org  -  P.  The  very  low  concentration  of  this  form  in  some 
horizons  suggests  that  it  may  be  mostly  organic.  Res  +  org  -  P 
varies  from  5  to  610  ppm  (Tables  3  and  4)  and  this  form  consti¬ 
tutes  4  to  75%  of  the  total  phosphorus  in  the  soils  (Fig.  1  to 
4).  These  values  agree  with  those  of  Odynsky  (1934,  1936)  and 
Dormaar  (1961) . 

Res  +  org  -  P  decreases  with  depth  in  the  Maleb,  Beaverhills, 
Rimbey,  and  Winterburn  series.  Almost  75%  of  the  total  phosphorus 
is  in  this  form  in  the  Ah  horizon  of  Beaverhills.  The  high 
amounts  of  Res  +  org  -  P  in  the  Chernozemic  soils  may  be  because 
of  in  situ  decomposition  of  the  extensive  root  systems  of  grass¬ 
land  species.  The  Bf  and  C  horizons  of  Heart  soil  have  only 
negligible  percentages  as  Res  +  org  -P. 

E.  Total  Phosphorus  in  the  Soil  Series 

The  total  phosphorus  concentration  ranges  from  18  ppm  in 
the  Ae  horizon  of  Heart  to  930  ppm  in  the  Ahe  horizon  of  Rimbey 
series  (Tables  3  and  4) .  The  Maleb  and  Beaverhills  soils  have 
more  phosphorus  in  the  Ah  and  C  horizons  than  in  the  Bm  horizons. 
Here,  more  extensive  root  systems  of  grasses  may  have  depleted 
the  phosphorus  from  the  Bm  horizons  during  their  development. 

The  Glory  and  Breton  series  have  the  same  trend.  With  the  excep¬ 
tion  of  Ah  horizon  of  Beaverhills,  the  surface  horizons  of 
Rimbey,  Winterburn  and  Glory  contain  more  total  phosphorus  than 
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do  the  surface  horizons  of  the  other  series.  One  might  expect 
this  trend  from  the  higher  amount  of  inorganic  phosphorus 
forms  in  these  soils.  In  the  Rimbey  and  Winterburn  series 
phosphorus  decreases  with  depth;  and  in  Boundary  it  increases 
with  depth.  There  is  an  accumulation  of  phosphorus  in  the  Bf 
horizon  of  Heart  series. 

F.  Available  Phosphorus  in  the  Soil  Series 

One  of  the  immediate  applications  of  inorganic  phos¬ 
phorus  fractionation  studies  is  to  understand  the  nature  of 
plant  available  phosphorus  in  soils.  Available  phosphorus  was 
determined  by  the  Miller  and  Axley,  and  Olsen  methods.  Fig.  5 
to  7  are  presented  to  show  the  relationship  between  available 
phosphorus  and  the  active  forms  (Ca-P,  Al-P,  Fe-P) .  Only  the 
surface  horizon  values  are  considered  for  correlation.  Except 
in  the  case  of  the  Rimbey,  Winterburn,  and  Glory  series,  where 
only  one  profile  of  each  was  studied,  average  values  are 
plotted . 

The  Rimbey,  Winterburn,  and  Glory  soils  show  high 
amounts  of  available  phosphorus  by  both  methods  and  by  barley 
yields  in  field  experiments.*  Note  that  the  surface  horizons 
of  these  soils  are  characteristically  high  in  active  forms,  es¬ 
pecially  Al-P  and  Fe-P  (Tables  3  and  4) .  Although  the  Bf 
horizon  of  Heart  series  is  considerably  higher  in  active  forms, 
the  available  phosphorus  concentration  is  not  much  different 

*Unpublished  data.  Department  of  Soil  Science,  Univ.  of  Alberta, 
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FIG.  5  RELATIONSHIP  BETWEEN  AVAILABLE  PHOSPHORUS 

AND  Al-P 

**  SIGNIFICANT  AT  THE  1%  LEVEL 
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MILLER  &  AXLEY- P(PPM)  OLSEN-P(PPM) 

FIG.  6  RELATIONSHIP  BETWEEN  AVAILABLE  PHOSPHORUS 

AND  Fe-P 
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MILLER  &  AXLEY  -  P(PPM)  OLSEN-P(PPM) 

FIG.  7  RELATIONSHIP  BETWEEN  AVAILABLE  PHOSPHORUS 

AND  Ca-P 
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from  that  of  the  Ahe  horizons  of  Rimbey  and  Winterburn  and 
Ae  horizon  of  Glory  series. 

The  Miller  and  Axley  phosphorus  is  highly  correlated 
with  Al-P  and  Fe-P  (Fig.  5  to  7) .  The  Olsen  phosphorus  is 
significantly  correlated  with  Al-P  and  Fe-P.  In  both  cases, 
there  is  no  correlation  with  Ca-P .  These  relationships  are  in 
agreement  with  that  of  Chai  and  Caldwell  (1959),  Susuki  et  al . 
(1963) ,  Hawkins  and  Kunze  (1965) ,  and  Grigg  (1966) .  Al-P,  Fe-P, 
and  Ca-P  have  been  proved  to  be  the  sources  of  available  phos¬ 
phorus  in  soils  by  various  workers  (see  p.  14) .  The  data, 
especially  of  the  series  high  in  available  phosphorus,  indicate 
that  Al-P  and  Fe-P  may  be  the  major  sources  of  available  phos¬ 
phorus  in  the  soils  studied  in  this  project. 
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SUMMARY  AND  CONCLUSIONS 


An  investigation  was  carried  out  to  study  the  amount  and 
distribution  of  inorganic  phosphorus  forms  in  eighteen  profiles 
of  Alberta  soils,  three  each  of  Maleb,  Beaverhills,  Breton, 
Boundary,  and  Heart  plus  one  each  of  Rimbey,  Winterburn,  and 
Glory  (high  in  available  phosphorus).  Surface,  (Ah,  Ahe ,  Ae 
horizons),  subsoil  (Bm,  Bt,  Bf  horizons),  and  parent  material 
(C  horizon)  samples  were  obtained  from  each  profile.  Inorganic 
phosphorus  forms  in  the  soils  were  fractionated  by  the  modified 
Chang  and  Jackson  procedure.  The  forms  determined  were: 
calcium-bound  (Ca-P) ,  aluminum-bound  (Al-P) ,  iron-bound  (Fe-P) , 
and  occluded  (Occl-P)  phosphorus.  In  addition,  the  following 
determinations  were  done  on  all  samples?  pH?  particle  size 
analysis?  free  Fe20^ ?  CaCO^  equivalent?  total  phosphorus,  iron, 
aluminum,  and  calcium?  and  available  phosphorus  by  the  Miller 
and  Axley,  and  Olsen  methods. 

Ca-P  ranges  from  1  to  442  ppm  and  it  is  the  predominant 
form  in  the  Maleb,  Beaverhills,  and  the  C  horizons  of  Glory 
and  Breton  series.  When  expressed  as  percent  of  the  total  inor¬ 
ganic  phosphorus,  Ca-P  varies  from  10  to  92%  in  these  soils. 

With  the  exception  of  Boundary,  Ca-P  increases  with  depth  in  all 
the  soils.  There  is  close  relationship  between  Ca-P  contents 
and  CaCO^  equivalent  in  the  soils  developed  on  calcarious 
parent  materials  (Maleb,  Beaverhills,  Glory,  Breton) . 

The  Al-P  concentration  varies  from  2  to  398  ppm.  There 
is  a  tendency  for  Al— P  to  decrease  with  depth  in  all  the  series 
except  Heart,  where  it  accumulates  in  the  Bf  horizon. 
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ranges  from  1  to  48%  of  the  total  inorganic  phosphorus. 

Fe-P  extends  from  5  to  260  ppm.  Fe-P  decreases  with 
depth  in  all  the  series  except  Boundary  and  Heart.  In  the 
Boundary,  it  increases  with  depth  and  in  the  Heart,  there  is, 
as  for  Al-P,  an  accumulation  in  the  Bf  horizon.  When  expressed 
as  percent  of  the  total  inorganic  phosphorus,  Fe-P  varies  from 
1  to  57%.  The  Rimbey,  Winterburn,  and  Glory  series  (high  in 
available  phosphorus)  have  3  to  8  times  more  of  Al-P  and  Fe-P 
in  their  surface  horizons  compared  to  those  of  Maleb,  Beaver- 
hills  and  Breton. 

Occl-P  ranges  from  1  to  174  ppm.  Generally,  Occl-P 
decreases  with  depth  in  the  Maleb,  Beaverhills  and  Breton  series. 
With  the  exception  of  the  Heart  Ae  horizon,  the  other  soils  are 
comparatively  high  in  this  form.  It  constitutes  5  to  54%  of 
the  total  inorganic  phosphorus. 

There  is  no  apparent  relationship  between  the  distribution 
of  soil  separates  and  inorganic  phosphorus  forms.  Generally, 
acid  soils  are  high  in  Al-P,  Fe-P,  and  Occl-P;  while  alkaline 
soils  are  high  in  Ca-P.  Parent  material  and  climate  seem  to  have 
an  effect  on  the  distribution  of  inorganic  phosphorus  forms  in 
the  soils.  On  the  basis  of  genesis,  the  soils  are  arranged  in 
the  following  sequence:  Maleb,  Beaverhills,  Rimbey,  Winterburn, 
Glory,  Breton,  Boundary,  and  Heart.  Though  some  discrepancies 
due  to  the  variety  of  parent  materials  are  observed,  the  weather¬ 
ing  sequence  based  on  the  percentage  distribution  of  inorganic 
phosphorus  forms  fits  in  approximately  with  the  above  sequence. 
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The  residual  plus  organic  phosphorus  (Res  +  org-P)-- 
the  difference  between  total  phosphorus  and  total  inorganic 
phosphorus  forms — varies  from  5  to  610  ppm  and  it  constitutes 
4  to  75%  of  the  total  phosphorus  in  the  soils.  It  is  thought 
that  most  of  the  phosphorus  in  this  form  is  in  organic  combi¬ 
nation.  Res  +  org-P  decreases  with  depth  in  the  Chernozemic 
soils.  Almost  75%  of  the  total  phosphorus  is  in  this  form  in 
the  Ah  horizon  of  Beaverhills  series.  Compared  to  the  Breton 
and  Heart  soils,  Boundary  has  more  of  this  form. 

The  total  phosphorus  varies  from  18  to  930  ppm.  The 
Ah  or  Ae  and  C  horizons  of  Maleb,  Beaverhills,  Glory,  and 
Breton  series  have  more  phosphorus  than  do  the  Bm  or  Bt  horizons. 
With  the  exception  of  Ah  horizon  of  Beaverhills,  the  surface 
horizons  of  Rimbey,  Winterburn,  and  Glory  contain  more  total 
phosphorus  than  do  the  surface  horizons  of  the  other  series. 

In  the  Rimbey  and  Winterburn  soils,  phosphorus  decreases  with 
depth,  while  in  Boundary  it  increases  with  depth.  There  is  an 
accumulation  of  phosphorus  in  the  Bf  horizon  of  Heart  series. 

Correlation  coefficients  were  calculated  for  available 
phosphorus  on  the  surface  horizons  versus  Ca-P,  Al-P,  and  Fe-P. 
The  Miller  and  Axley  phosphorus  is  highly  correlated  with  Al-P 
and  Fe-P.  The  Olsen  phosphorus  is  significantly  correlated 
with  Al-P  and  Fe-P.  In  both  cases,  there  is  no  correlation  with 
Ca-P.  These  data  indicate  that  Al-P  and  Fe-P  may  be  the  major 
sources  of  available  phosphorus  in  the  soils  studied. 
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APPENDIX  A-l.  Modified  Chang  and  Jackson  Procedure  for 

Fractionation  of  Inorganic  Soil  Phosphorus 

a)  Special  Reagents 

9^i2£2n}2iY^^i2_^9i^_solution--  Dissolve  15  g  ammonium 

molybdate  in  about  300  ml  of  water  by  warming  to  about  50°C. 
Filter  the  solution  if  cloudy.  Cool  the  solution  and  add  350 
ml  of  ION  HC1  slowly  with  stirring.  Cool  the  solution  again, 
dilute  with  water  to  1  liter,  and  store  in  a  brown  bottle. 

22if2ro2lYkdic_acid_solution — Dissolve  2 5g  of  ammonium 
molybdate  in  200  ml  of  water  by  warming  to  about  60°C.  Filter 
if  cloudy.  Dilute  275  ml  of  arsenic  and  phosphorus  free  cone. 
H^SO^  to  800  ml.  After  both  solutions  have  cooled,  add  the 
ammonium  molybdate  solution  to  the  H^SO^  solution  with  stirring 
and  make  up  the  solution  to  1  liter  when  cooled. 

2!li2£22tann2US_reductant_A--Dissolve  10  g  of  SnCl^  *  in 

25  ml  of  cone.  HC1.  Store  in  a  brown  bottle.  Dilute  3  ml  of 
this  stock  solution  to  1  liter  not  longer  than  4  hr.  before  use 

22i2222i-:222222_229iuc  tan  t_B- -Dissolve  20  g  of  SnCl^  •  in 

100  ml  cone.  HC1.  Store  in  a  brown  bottle.  Dilute  2  ml  of 
this  stock  solution  to  20  ml  just  before  use. 

b)  Standard  Curves 

A  separate  standard  curve  should  be  prepared  for  each 
phosphorus  fraction.  In  preparing  standard  curves  for  the 
individual  fractions,  the  standards  should  be  treated  exactly 
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like  the  samples  in  the  procedure  so  that  the  standards 
contain  the  same  concentrations  of  extractants  or  added  re¬ 
agents  as  the  sample  solutions. 

c)  Frationation  Procedure 

5*££22l:i2]2_§2d_determination_of  _aluminum-bound_phosphorus 

o.ly' 

— Place  1  g  of  oven  dried  soil  in  a  100-ml  polypropylene 
centrifuge  tube,  add  50  ml  of  IN  NH^Cl,  and  shake  for  30  min. 
to  remove  water  soluble  plus  loosely  bound  phosphorus  and 
exchangeable  calcium.  Centrifuge  the  suspension  at  1,600  rpm 
for  15  min  and  discard  the  supernatant  solution.  Add  50  ml  of 
0.5N  NH^F ,  adjusted  to  pH  8.2  by  addition  of  4NH^OH,  to  the 
soil  and  shake  for  1  hr.  Centrifuge  the  suspension  for  15  min 
at  1,600  rpm.  Phosphorus  in  the  extract  is  determined  by  the 
chlorostannous-reduced  molybdophosphoric  blue  color  method  in 
HC1  system  as  outlined  by  Jackson  (1958,  p.  162). 

Use  separate  blanks  for  the  correction  of  organic  matter 
coloration.  Dilute  the  colored  extract  with  all  reagents 
except  ammonium  molybdate  and  measure  the  intensity  of  color 
against  a  blank  prepared  in  the  same  manner.  The  ppm  of  phos¬ 
phorus  thus  obtained  is  subtracted  from  the  actual  value. 

5xtraction_and_determination_of _iron-bound_phosphorus-- 
Wash  the  soil  twice  with  25  ml  portions  of  saturated  NaCl  by 
centrifugation  at  1,600  rpm  for  10  min.  Add  50  ml  of  0.1N 
NaOH  and  shake  for  10  hr.  Centrifuge  the  suspension  for  15  min 
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at  2,400  rpm  and  decant  the  supernatant  solution  into  100  ml 
polypropylene  centrifuge  tubes.  Add  2  ml  of  2N  H2S04  and 
centrifuge  to  throw  down  organic  matter.  Phosphorus  in  the 
extract  is  determined  by  the  chlorostannous-reduced  molybdo- 
phosphoric  blue  color  method  in  system  as  described  by 

Jackson  (1958,  p.  165). 

5*tEa2£i22_aEd_determination_of _ reduct ant _ so luble_iron- 
k2EE£Lphosphorus--Wash  the  soil  sample  twice  with  25  ml 
portions  of  saturated  NaCl  by  centrifugation  at  1,600  rpm  for 
10  min.  Add  40  ml  of  0 . 3M  sodium  citrate  and  5  ml  of  1M 
NaHCO^  to  the  soil  and  keep  the  tube  at  80-90°C  in  a  water  bath 
for  10  min.  Add  1  g  of  sodium  dithionite  to  the  suspension  with 
stirring  and  keep  the  tube  for  another  15  min  in  the  water  bath. 
Centrifuge  the  suspension  for  15  min  at  1,600  rpm  and  collect 
the  supernatant  solution  in  a  100-ml  volumetric  flask.  Wash 
the  soil  twice  with  25-ml  portions  of  saturated  NaCl  by  centri¬ 
fugation  at  1,600  rpm  for  10  min  and  transfer  the  supernatant 
solution  to  the  same  flask.  Make  up  to  volume  and  determine 
phosphorus  in  the  extract  by  the  procedure  outlined  by  Jackson 
(1958,  p.  168-169) . 

Ext£a2iri22_a2d_determination_of  _occluded_  aluminum- iron- 
122  E2^_E!l2|LEh212§ — Add  50  ml  of  0 .  IN  NaOH  to  the  soil  and  shake 
for  10  hr.  Centrifuge  the  suspension  for  15  min  at  2,400  rpm. 
Phosphorus  in  the  extract  is  determined  by  the  chlorostannous- 
reduced  molybdophosphoric  blue  color  method  in  t^SO^  system  as 
described  by  Jackson  (1958,  p.  165). 
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Extr a.c t ±on_a.nd_determina:t ±on_o f  calcium-bound_ghosghorus — 
Wash  the  soil  twice  with  25-ml  portions  of  saturated  NaCl  by 
centrifugation  at  1,600  rpm  for  10  min.  Add  50  ml  of  0 . 5N 
and  shake  for  1  hr.  Centrifuge  the  suspension  for  15  min  at 
1,600  rpm.  Phosphorus  in  the  extract  is  determined  by  the 
Chlorostannous-reduced  molybdophosphoric  blue  color  method  in 
system  outlined  by  Jackson  (1958,  p.  157). 
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Appendix  A-2.  Determination  of  Total  Soil  Phosphorus 

Weigh  1  g  of  oven  dried  soil  into  a  porcelain  crucible 
and  ignite  in  a  muffle  furnace  at  500°C  for  1  hr.  Transfer 
the  ignited  sample  to  a  100-ml  teflon  beaker  with  1+1  HC1. 
Evaporate  to  about  10  ml.  Add  15  to  20  ml  cone.  HC1  to  the 
beaker  and  evaporate  to  dryness.  Add  10  ml  of  cone.  HNO^  and 
10  ml  of  48%  HF  to  the  beaker  and  again  evaporate  to  dryness. 
This  step  is  repeated.  Dissolve  the  residue  with  10  ml  of 
cone.  HC1  and  30  ml  of  water.  Transfer  the  solution  to  a  200- 
ml  volumetric  flask.  To  the  beaker  add  a  few  ml  of  1+1  HC1 
and  place  back  on  the  sand  bath  to  remove  the  residue.  Transfer 
the  solution  to  the  same  flask  and  solution  is  made  up  to  volume 
with  5%  HC1 .  A  blank  extract  is  prepared  in  the  same  way  with 
all  the  reagents  except  soil.  Phosphorus  in  the  extract  is 
determined  by  the  ascorbic  acid-reduced  molybdophosphoric  blue 
color  method  in  H2SC>4  system  as  described  in  Appendix  A-3. 
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Appendix  A— 3.  Ascorbic  Acid-Reduced  Molybdophosphoric  Blue 

Color  Method,  in  H2SC>4  System 

a)  Reagents 

?§^2§Dt_A —  Dissolve  12  g  of  ammonium  molybdate  in  250  ml  of 
water.  In  100  ml  of  water  dissolve  0.2908  g  of  antimony  potas¬ 
sium  tart^rate.  Add  both  of  the  dissolved  reagents  to  1  liter 
of  5N  H2SC>4,  mix  thoroughly  and  make  to  2  liter.  Store  in  pyrex 
glass  bottle  in  a  dark  and  cool  compartment. 

B§52^Dt_§~“Diss°lve  1.056  g  of  ascorbic  acid  in  200  ml  of 
reagent  A.  Prepare  this  reagent  as  required  as  it  does  not  keep 
for  more  than  24  hr. 

b)  Determination  of  Phosphorus 

Pipette  aliquots  containing  1  to  20  ug  (0.08  to  .80 
ppm  P  in  final  volume)  of  orthophosphate  into  25-ml  volumetric 
flasks.  Adjust  to  pH  5  using  P-nitrophenol  indicator.  Prede¬ 
termine  the  amount  of  acid  or  alkali  needed  to  bring  pH  to  5 
in  some  aliquots  and  dispense  the  same  amount  to  all  unknowns. 
Add  water  to  20  ml  and  then  add  4  ml  of  reagent  B  and  the 
solution  is  made  to  volume.  The  color  is  stable  for  24  hr.  and 
maximum  intensity  is  obtained  in  10  min.  The  color  intensity  is 
read  on  a  spectrophotometer  at  882  mu.  The  reduced  heteropoly 
molybdophosphoric  acid  has  two  light  maxima,  one  in  the  vicinity 
of  690  mu  and  the  other  at  882  mu. 
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Appendix  B.  Particle  size  analysis 
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Appendix  B.  (continued) 


Profile 

Number 

Horizon 

Depth 
in  Inches 
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Appendix  C-l.  Concentration  (ppm)  of  phosphorus  forms  in  the  Maleb  series 
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Appendix  C-2.  Concentration  (ppm)  of  phosphorus  forms  in  the  Beaverhills  series 
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Appendix  C-3.  Concentration  (ppm)  °f  phosphorus  forms  in  the  Breton  series 
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Appendix  C-4.  Concentration  (ppm)  of  phosphorus  forms  in  the  Boundary  series 
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Appendix  C-5.  Concentration  (ppm)  of  phosphorus  forms  in  the  Heart  series 
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Appendix  D-l.  Chemical  properties  of  the  Maleb  series 
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Appendix  D-3.  Chemical  properties  of  the  Breton  series 
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Appendix  D-5.  Chemical  properties  of  the  Heart  series 
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BROWN  WOODED  AND  ACID  BROWN  WOODED 
(Preliminary  outline  subject  to  further  study.) 
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Figure  1 — Soil  zones  of  Alberta 


AREA  NOT  EXPLORED  BY  SOIL  SURVEY 
Believed  to  have  Grey  Wooded,  other  Podzolic 
soils  and  Organic  Soils. 

Chips  on  Solonetzic 
and  Organic  Soils 


LEGEND 


DARK  BROWN 
THIN  BLACK 

BLACK 

DARK  GREY  AND 
DARK  GREY  WOODED 
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